Introduction
Hematopoietic stem cells (HSCs) are able to both selfrenew and differentiate into all blood lineages. It has been long thought that HSCs are required for the development, maintenance, and regeneration of the hematopoietic system. A completely new view of hematopoiesis was provided recently by Camargo and his colleagues [1] . A new marking method using Sleeping Beauty transposase permitted long-term interest in stem cell biology is to understand how self-renewal is regulated in HSCs. In this review, we also focus on cytokines as extracellular signals and transcription factors as intracellular molecules.
Methods to detect self-renewal in HSCs
To unveil the mechanism of self-renewal, the method used to detect the self-renewal capacity is crucial. The long-term competitive repopulating assay is the gold standard. We previously decided that the minimum follow-up period is 4 months after transplantation. However, we have recently revised this stance [3] . We now consider that 1 year or longer is necessary to detect long-term (LT)-HSCs appropriately. Recipient mice sometimes die for unknown reasons before 1 year. In that case, secondary transplantation is performed so that we can ensure sufficient survival duration of recipient mice to detect LT-HSCs and also confirm their self-renewal potential [3] . In data interpretation, we need to pay more attention to the nature of competitive repopulation. Repopulating activity is always measured relative to that of competitor cells [9] . It is difficult to know the absolute repopulating activity.
Based on competitive repopulation assays, two types of units are often used. One is repopulating units (RUs) [9] . The other is competitive repopulation units (CRUs) [10] . These units should be distinguished from one another [11] . The RU indicates a relative amount of activity, whereas CRU indicates the number of HSCs. To calculate fold increase or decrease between two groups to be compared, both units are useful. RUs can be easily applied to serial transplantation. Usually, RUs depend on CRUs, but this is not always the case. For instance, in some gene knockout mice, RUs/cell (mean activity per stem cell [11] ) is increased [12] . It should be kept in mind that competitive repopulation assays may not be useful when HSCs have homing or engraftment defect [13] .
Niche cells regulating HSCs
Stem cells reside in a specialized microenvironment termed the "niche", which may be a functional unit important for their development, maintenance, regeneration, and protection from various damages [14, 15] . Although the concept of the niche was originally proposed in the 1970s by Schofield [16] , only in the last decade has significant progress been made thanks to technological advances such as those in conditional gene deletion and bone marrow imaging [17] . Multiple cell types have been identified as niche cells supporting HSCs (Fig. 2) . Candidate niche cells are perivascular cells, endothelial cells, CXCL12 abundant reticular (CAR) cells, osteoblasts, neurons, and others [18] . Some cell populations such as CAR cells and perivascular cells may overlap one another because these cells can be developmentally related. It was reported that CAR cells contain preosteoblasts as the major component and are similar to Leptin receptor expressing (Lepr+) stromal cells but different from Nestin+ perivascular cells [18] .
Recent studies have shown that perivascular stromal cells play a critical role in the regulation of HSCs and these stromal cells localize near both HSCs and endothelial cells [19] . These cells usually express high levels of CXCL12 and stem cell factor (SCF). By inserting green fluorescent protein (GFP) into the endogenous Scf locus, Clonal behaviors of HPCs and HSCs are illustrated based on our interpretation of published data [1] . a Most HPCs are in the G0 state but differentiate into mature blood after varied periods of time. After a large amount of blood production, HPCs are exhausted. Before their commitment to differentiation, HPCs may self-renew (S) intermittently. Most HPCs are myeloid HPCs (perhaps some are corresponding to rCMP) independent of B-and T-lymphoid progenitors. Presumably, clones 1-6 randomly contribute to active hematopoiesis intermittently. b Most HSCs are in the G0 state and enter the cell cycle, resulting in selfrenewal (clones 1, 3) or differentiation (clones 2, 4) only a few times. HSCs may contribute to hematopoiesis after a long G0 time (clones 1, 2) or may not contribute to hematopoiesis at all (clones 3-5). Clones 3-5 are detectable only by transplantation experiments 1 3 SCF expression was detected primarily in perivascular and endothelial cells rather than in endosteum or bonelining cells, suggesting that perivascular cells, as a niche component, are crucial in HSC regulation [20] . Various genetically modified mice models were used to identify perivascular cell markers to clarify specific cell types in the niche [17] . One candidate niche cell type is Lepr+ perivascular stromal cells, which also express CXCL12, SCF, and alkaline phosphatase (a marker of mesenchymal cells). Deleting Scf from Lepr+ perivascular stromal cells will reduce the HSC number in the bone marrow but significantly increase the HSC frequency in the spleen, indicating that Lepr+ perivascular stromal cells retain a constant number of HSCs in the bone marrow [20] .
Nestin+ perivascular cells are additional candidate niche cells of the mesenchymal cell type, which express PDGFRα and CD51 [21] . By crossing the Cre-recombinase-inducible diphtheria toxin receptor mice (iDTR) with Nestin-Cre mice, researchers could selectively eliminate Nestin+ perivascular cells by treating the mice with tamoxifen and diphtheria toxin. When the depletion occurred, the number of phenotypically identified HSCs was rapidly reduced in the bone marrow, and this was accompanied by an increased number of HSCs in the spleen and a decreased homing capacity upon transplantation. These data suggest that Nestin+ perivascular cells play a role in the maintenance of HSCs in the bone marrow to avoid excessive mobilization towards extra-medullary sites [22] .
The availability of numerous conditional knockout mice for evaluating niche cell types has provided extensive flexibility in experimental design. However, we must remain cautious because gene-specific does not equate to cell-specific. Some gene expression may cover a range of cell types. For example, Nestin+ cells are heterogeneous in developing embryos, where they divide into endothelial and non-endothelial Nestin+ cells. After birth, Nestin+ cells become more diverse, and their sub-populations cover a range from osteoblasts to endothelial lineages [23] . Lepr+ stromal cells are thought to be a perivascular stromal cell type [24] . However, fate-mapping studies show that Lepr+ cells are also a major source of adipocytes in the bone marrow [19] . Thus, the utility of gene targeting in the study of niche cells remains limited, which must be considered in the interpretation of these studies.
Apart from perivascular stromal cells, endothelial cells are a crucial niche component. Although CXCL12 is also expressed in endothelial cells [25] , the deletion of CXCLl12 from these cells resulted in a modest loss of long-term repopulating activity in HSCs [26] . When Scf was conditionally deleted from endothelial cells, the frequency of LT-HSCs in the bone marrow was significantly reduced, whereas the blood cell count and bone marrow cellularity remained unchanged [20] . This study showed that SCF expression in endothelial cells was required to maintain HSCs in the bone marrow. Kobayashi et al. used an Akt constitutive activation model to investigate the relationship between endothelial cells and HSCs at the molecular level. They found that Akt activation in endothelial cells, through the recruitment of mammalian target of rapamycin (mTOR), up-regulated specific angiocrine factors to expand LT-HSCs [27] . These studies support the role of endothelial cells in the maintenance of HSCs. Distinct from sinusoid endothelial cells, NG2+ perivascular cells sheathing small arterioles were shown to have the capacity to maintain HSC quiescence. The depletion of NG2+ cells induced HSC cycling and reduced the frequency of long-term repopulating HSCs in the bone marrow. Interestingly, cycling HSCs moved from NG2+ periarteriolar cells to Lepr+ perisinusoidal cells [28] .
Two research groups independently identified osteoblasts as the first niche component a decade ago [29, 30] . Osteoblasts were thought to be involved in supporting HSC maintenance, self-renewal, and proliferation [31] . The ablation of osteoblasts led to a loss of HSCs in the bone marrow with enhanced extra-medullary hematopoiesis [32] . However, when CXCL12 was selectively deleted from osteoblasts, Link et al. observed a loss of B-lymphoid progenitors rather than the loss of HSCs [26] . A similar finding was reported by Morrison's group [24] . The analysis of Scf conditional knockout in osteoblasts showed no effect on HSC number and function [20] . These studies argue that osteoblasts may be dispensable for HSC maintenance and self-renewal. Interestingly, Bhatia et al. recently reported that osteoblast ablation did not result in a decrease in LTHSCs, but their long-term reconstitution and self-renewal capacities were impaired [33] . Tie-2-expressing HSCs could adhere to osteoblasts and stay in the quiescent state induced by angiopoietin-1 [34] . These data again suggest that osteoblasts play an important role in the regulation of HSC self-renewal. Taken together, at present, osteoblasts remain the most controversial cellular component of the bone marrow niche. Apparently, more studies are needed to clarify these issues.
The nerve system seems to regulate HSCs, suggesting that HSCs are regulated systemically as well. In dopamine beta-hydroxylase-deficient mice, the G-CSF-triggered mobilization of HSCs was dramatically compromised, indicating that noradrenergic neurons were required for the mobilization of HSCs [35] . Nerves may also participate in HSCs' circadian fluctuation in the bloodstream. Sympathetic nerves can deliver adrenergic signals to down-regulate CXCL12 by decreasing the expression of Sp1 transcription factor, resulting in the daily egress of HSCs and progenitors into peripheral blood [36] . Nakauchi group claim that approximately 20 % of HSCs are in direct contact with Schwann cells on the autonomic nerves. These Schwann cells may play a role in quiescent HSC maintenance by activating TGF-β [37] , suggesting that the nerve system is also a part of the niche component.
Extracellular signals regulating HSCs
In HSC niches, various soluble and membrane-bound proteins are supposed to participate in the regulation of HSC maintenance and self-renewal (Table 1; Fig. 3 ). Some signals may stimulate HSCs to cycle and expand the HSC number. In contrast, other signals may keep HSCs in the quiescent state to protect them from cellular damage and eradication. Some factors have pleiotropic effects. For instance, it was reported that CXCL12 was not only a chemoattractant for HSC homing or mobilization but also a regulator of HSC quiescence [38] . Here, we summarize candidate signals that have an important function in the self-renewal and differentiation of HSCs. Ang-1 Tie-2 Culture and in vivo injection Maintain G0 HSCs [34] SCF and thrombopoietin (TPO) are two fundamental cytokines for HSCs. SCF (also known as c-kit ligand, mast cell growth factor, or steel factor) can bind to the c-Kit receptor on HSCs to mediate its effects [39] . Studies of mutant mice in the W locus encoding the c-kit receptor or those using anti-c-Kit neutralizing antibody showed that the functional loss of c-Kit receptor led to the death of embryos with the elimination of HPCs and mature blood cells [40, 41] . In vitro culture of HSCs revealed the fundamental role of SCF in supporting the survival of HSCs [42, 43] and its synergism with a number of cytokines including interleukin-3, -6, -11, -12, and -27 and TPO [44, 45] . These early studies established the vital role of SCF and its receptor in the regulation of HSCs. Later, the partial inactivation of the c-kit receptor showed a reduced self-renewal capacity and loss of the quiescence state in adult HSCs [46] . It was also reported that a low level of c-Kit expression marks the most quiescent HSCs in adult mice [47] , whereas c-Kithigh HSCs may originate from the c-Kit-low HSCs [48] .
TPO is another critical cytokine that regulates HSCs, although TPO was originally cloned as a megakaryocyte factor. In vitro culture of HSCs suggested that TPO can efficiently expand the HSC pool if combined with SCF or IL-3 [49, 50] . Deleting TPO's receptor, Mpl, in the HSCs resulted in reconstitution failure in irradiated mice [51] . The inactivation of TPO expression led to a fourfold increased requirement of normal bone marrow cells to rebuild the blood system in TPO-null recipients [52] . Interestingly, the increase of quiescent HSCs was also observed in TPO-null mice, suggesting that TPO may support the maintenance of quiescent HSCs [53, 54] .
Various cell types express TGF-β1, including megakaryocytes, macrophages, T cells, stromal cells, endothelial cells, and others [55] . A critical inhibitory role of TGF-β in the regulation of HSCs and HPCs was suggested more than a decade ago [56, 57] . Single-cell culture experiments also indicated that TGF-β maintained the self-renewal capacity of single HSCs for up to 1 week [58, 59] , but most initial studies were based on in vitro experiments.
TGF-β signaling pathway knockout appeared to be embryonic lethal in mice [60] . Larsson et al. found that using a conditional knockout strategy, TGF-β receptor 1-deficient HSCs exhibited a normal cell cycle and long-term repopulating capacity [61] . However, TGF-β receptor 2 deficiency showed reduced repopulating activity [37] . When Smad4, a key signal molecule in common with various TGF-β signaling pathways, was conditionally deleted, HSCs exhibited impaired self-renewal capacity and a reduced number of bone marrow cells [62] . These works indicate that the TGF-β signaling pathway plays a role in the maintenance of quiescent HSCs. When mice were treated with 5-fluorouracil (5-FU) to induce a stress state in HSCs, the expression of TGF-β increased significantly on days 11-15 after 5-FU treatment. At this time point, the extensive expansion of HSCs and progenitors was predicted to restore the blood system. The blockade of the TGF-β signal resulted in a faster hematopoietic regeneration, likely by forcing HSCs to undergo more cycles. This finding suggests that TGF-β can reestablish the hibernation of HSCs to avoid their extensive exhaustion. Interestingly, the blockade of TGF-β signaling in a normal state did not affect the cell cycle of HSCs, indicating that the effect of TGF-β is context-determined by the emergent events [63] . Recently, Zhao et al. reported that the deletion of megakaryocytes resulted in the loss of quiescent HSCs due to the TGF-β insufficiency. Interestingly, injecting TGF-β into megakaryocyte-depleted mice can restore the HSCs' hibernation. Tgfb1 knockout in megakaryocytes also resulted in a decrease in quiescent HSCs in bone marrow. HSC hibernation may be dependent on TGF-β, which is mostly produced by megakaryocytes [55] .
Interferon (IFN) is a cytokine produced primarily in response to tumor cells or infection, especially viral infection [64] . In vitro studies demonstrated that IFN can suppress myeloid [65] or erythroid [66] colony formation. IFN-γ could markedly reduce the number of B cells and myeloid progenitors in the bone marrow and spleen [67] . In contrast, IFN-α/β receptor inactivation in mice showed minor change in the progenitor cell number [64] . Recently, a positive effect of IFN signaling on HSCs was reported [68, 69] . The injection of IFN-α into mice stimulated quiescent LT-HSCs to enter the cell cycle, making them susceptible to 5-FU. Long-term exposure to IFN-α led to the loss of HSC repopulating capacity [68] . Interferon regulatory factor-2 (IRF2) functions as the suppressor of the IFN signaling pathway [70] . Sato et al. found that IRF2 deletion led to a reduction in HSC reconstitution ability. Enhanced IFN signaling seemed to induce the exhaustion of HSCs. When IFN-α receptor was deleted in IRF2-deficient mice, a recovery of HSC reconstitution capacity was observed in Irf2-deficient HSCs. IFN-α can be considered a new player in the regulation of HSCs [69, 71] . In addition to molecules that maintain the G0 state or support self-renewal in HSCs, molecules are desired that drive HSCs into the cell cycle or revert HSCs back to the G0 state IFN-γ was also found to stimulate quiescent HSCs in vivo [72] . However, the culture of highly purified HSCs in vitro showed the suppressive effect of IFN-γ, and virus infection induced a delayed recovery of the HSC pool [73] , consistent with in vitro culture data with progenitor cells [64, 67] . More recently, Pietras et al. attempted to clarify this paradoxical effect of IFN on HSCs. They showed that a long-term exposure to IFN-α resulted in bone marrow aplasia. However, before HSC proliferation was suppressed, IFN-α transiently down-regulated the quiescence-enforcing genes, and a short duration HSC stimulation resulted in their expansion. Seemingly, once quiescent HSCs were awakened by IFN-α, they lost their repopulating capacity upon returning to the quiescent state. This impairment of HSCs may be caused by the enhanced apoptosis trigged by IFN [74] . Together, these studies show that IFN has a complex effect on HSCs.
G-CSF was the first cytokine identified by molecular cloning, and it is used in clinics as an HSC mobilizing agent and a treatment for neutropenia. A number of studies have attempted to unveil the mechanism of HSC mobilization [75] . Interestingly, Schuettpelz et al. reported that G-CSF is involved in the regulation of HSC quiescence and expansion [76] . After mice were given G-CSF for 7 days, the absolute number of HSCs in the bone marrow increased. However, when expanded HSCs return to quiescence, they seem to lose their repopulating capacity in part due to the up-regulation of Toll-like receptor (TLR) signaling pathways. The deletion of My-D88, an adaptor protein required for most TLR signaling, attenuated the G-CSFinduced effect on HSCs [4] . More recently, Mouttie et al. reported that G-CSF could enhance autophagy in HSCs [77] . Autophagy was previously suggested to be required for HSC maintenance [78] .
Notch signaling is a highly conserved pathway in various species. There are five ligands (Dll1, 3, and 4 and Jag 1, 2) and four receptors in mammals (Notch 1-4) . It is well known that Notch signaling is a crucial regulator in the development of HSCs and differentiation into myeloid cells, B cells, and T cells [79] . However, in adult hematopoiesis, the role of Notch signaling remains controversial. The in vitro culture of hematopoietic precursors with immobilized Notch ligands and other cytokines dramatically expands precursors capable of reconstituting the blood system for a short time [80] . The culture of HSCs with endothelial cells in vitro showed that the maintenance of endothelial cells and the expansion of HSCs are Notchdependent [81] . In addition to these in vitro culture studies, the constitutive expression of the intracellular domain of Notch1 immortalized HSCs [82] and expanded the HSC pool in vivo [83] . The overexpression of HES-1, a downstream effector of the notch receptor, showed a similar result of HSC proliferation [84] . These gain-of-function experiments suggest that Notch ligands play a critical role in the regulation of adult HSCs. However, Mancini et al. reported that the simultaneous deletion of Jagged1 and Notch1 in mice had no impact on the absolute number and dominant state in HSCs after repeated 5-FU administration. This study challenges the previous view of Notch's important role in HSC maintenance [85] . To eliminate the possibility of other Notch pathway components compensating for the deletion of Jagged 1 and Notch1, Maillard et al. performed a knock-in of a fusion protein called dominant-negative Mastermind-like1 construct, which could block the Notch1-4 pathway. No change in the frequency and repopulating capacity of HSCs was observed. Moreover, by deleting the Rbpj gene, which encodes the common DNA-binding factor for various Notch pathways, a normal number and function of HSCs was also observed [86] . To explain this paradox, this group further analyzed the Notch pathway activity and found that Notch-targeting genes were expressed at low levels. It is likely that under physiologic conditions, Notch signaling is activated at a very low level, and thus its role in adult HSCs is not so obvious [86] . Another group reported that in homeostasis, the Notch pathway is dispensable for HSC maintenance. Conversely, when they investigated the role of the Notch pathway in the stress state induced by irradiation or 5-FU, they found that Notch2 but not Notch1 was activated to enhance the regeneration of HSCs and HPCs [87] . The in vivo mapping of Notch receptor expression on various hematopoietic cell types showed that HSCs express more Notch2 than Notch1, indicating that distinct Notch ligands and receptors may regulate different cell types in hematopoiesis [88] . Taken together, in the regulation of adult HSCs, the Notch signaling pathway may play a role in emergency hematopoiesis.
Transcription factors regulating HSCs
Transcription factors (TFs) play a role in the fate determination of HSCs. Supporting this idea, a number of transcription factors have been found to be essential for selfrenewal in HSCs (Table 2) . Scl-deficient HSCs exhibited impaired long-term activity with increased cycling HSCs [89] . Conditional pre-B cell leukemia transcription factor 1 (PBX1) deletion in HSCs impaired the self-renewal capacity in HSCs, as shown by secondary transplantation [90] . The overexpression of early growth response 1 (Egr1) in HSCs suppressed the differentiation into the granulocyte and erythroid lineages [91] . In contrast, Egr1 deletion leads to HSC proliferation but reduces the long-term reconstitution capacity in serial transplantation [92] . The loss of growth factor independent 1 (Gfi-1) could also result in impairment in the long-term reconstitution capacity of HSCs [93] . Some transcription factors may play distinct roles in embryonic and adult hematopoiesis. For instance, runt-related transcription factor 1 (RUNX1) is essential for HSC development in embryos [94] . Conversely, RUNX1 is dispensable for the maintenance of adult HSCs [95, 96] .
Ecotropic viral integration site 1 (Evi-1) is an oncogenic transcription factor of the SET/PR domain protein family, and it is predominantly expressed in both embryonic and adult HSCs [97] . Mouse embryos lacking Evi-1 die due to the remarkably decreased number and reconstitution capacity of HSCs. Conditional Evi-1 deletion in adult mice also showed that Evi-1 is essential for the maintenance of HSCs [98] . By knocking in an internal ribosome entry site (IRES)-GFP cassette into the Evi-1 locus, Kataoka et al. demonstrated that Evi-1 was predominantly expressed in LT-HSCs, and its expression was sharply down-regulated along with differentiation, indicating that the Evi-1 expression level is a candidate HSC-specific marker. The transplantation of GFP+Kit+Sca-1+Lineage− (KSL) cells showed a greater level of multi-lineage reconstitution compared with GFP − KSL cells, suggesting that Evi-1 plays a role in HSC self-renewal [99] . Gene expression microarray analysis revealed that Evi-1 can up-regulate "stemness" genes characteristic for LT-HSCs but down-regulated genes involved in DNA replication and DNA repair [100] . Taken together, these findings indicate that Evi-1 is an important regulator for HSC maintenance and self-renewal.
Transcription factors act on HSCs in a dose-dependent manner in a particular tissue but not in others. A haploid dose of GATA-2 reduced HSC generation in the aortagonad-mesonephros region, whereas it has a minimal impact on yolk sac, fetal liver, or adult bone marrow [101] . The transcription factor PU.1, a member of the E26 transformation-specific (ETS) family, is encoded by the protooncogene sfpi-1 [102] and dynamically expressed in the hematopoietic system from HSCs to differentiated cells [103] .The expression of PU.1 is correlated along with the lineage commitment processes from HSCs to myeloid, macrophage, and lymphoid lineages [104, 105] . This differentiation regulation is dose-dependent; a high level of PU.1 expression favors differentiation to dendritic cells over differentiation to macrophages [106] . It also promotes macrophage differentiation more than granulocyte differentiation [107] . Conditional PU.1 deletion in adult mice showed that PU.1 was required by lymphoid and myeloid progenitors. There was no defect in the repopulating capacity of PU.1-deficient HSCs [104] . However, Staber et al. recently reported an elegant PU.1 study. A mutated gene sequence was knocked in an upstream regulatory element of PU.1. As a result, the auto-regulatory site of PU.1 was disrupted, leading to a half reduction of PU.1 messenger RNA. In serial competitive repopulating assays, these PU.1-reduced HSCs showed a severe impairment of HSC reconstitution capacity. These cells totally failed to reconstitute the bone marrow in the third transplantation. Chromatin Immunoprecipitation (ChIP) sequence data suggested that the reduction of PU.1 may stimulate active cycling, possibly resulting in the loss of HSCs [108] .
Members of the FoxO transcription factor family (FoxO1, FoxO3, FoxO4, and FoxO6) are critical downstream effectors of the PI3K/AKT pathway and are involved in the regulation of cell cycle arrest, stress resistance, apoptosis, and differentiation, all of which are strongly associated with the function of HSCs [109] . Due to the possible functional redundancy between FoxO family members [110, 111] , Tothov et al. developed a triple conditional deletion of FoxO1, FoxO3, and FoxO4 to evaluate the deficiency of FoxO family genes expressed in HSCs. In their research, the loss of FoxO increased the short-term reconstitution capacity but decreased the long-term reconstitution. It was suggested that this HSC phenotype might be caused by the aberrant accumulation of ROS in HSCs, which could be rescued by antioxidant treatment [112] . The conditional deletion of FoxO3a alone also showed a decreased reconstitution level by serial transplantation. FoxO3a-deficient HSCs showed more severe reduction in repopulating capacity upon aging [113] . Another research group reported a similar finding, suggesting that Foxo3 is the main player of the FoxO family in HSCs [114] . Warr et al. focused on cell autophagy in HSCs. They assumed that HSCs used autophagy to protect themselves from apoptosis induced by metabolic stress. In this self-rescue process, FoxO induced the expression of pro-autophagy genes in HSCs. FoxO3 expression with ongoing autophagy appeared to be required for the survival of aged HSCs [115] . Taken together, FoxO plays a pivotal role in G0 maintenance and stress resistance.
There are specific transcription factors that negatively regulate HSCs. Mef is also a member of the ETS family, whose expression level is dramatically repressed in human acute myeloid leukemia, suggesting that the down-regulation of Mef can stimulate the proliferation of leukemia cells More and more transcription factors and regulators have been reported to have effects on hematopoiesis. Now many researchers are trying to understand the framework of complex transcription regulation in hematopoiesis. For instance, PU.1 not only plays a role in HSC self-renewal but also antagonizes GATA1 at the lineage commitment to monocytes preventing differentiation to erythrocytes and megakaryocytes [118] . The p53 tumor suppressor gene could maintain the quiescence of HSCs via an interdependent relationship between MEF/ELF4 and p53. Furthermore, p53 may directly target the transcription factor Gfi-1 [119] . Likewise, to understand the normal and abnormal transcriptional regulation network in HSCs should be a goal of future work.
Future challenges
Both in vivo and in vitro studies have advantages. For instance, a physiological role can be studied in vivo, and a direct effect can be studied in vitro. In this regard, these different approaches are complementary. If we can have consistent data from in vivo and vitro studies, the findings are beyond controversy.
There are a number of studies that may have fallen into controversy because either an in vivo or in vitro study was performed to reach a conclusion, particularly in studies of soluble factors. A number of studies were extensively performed to understand the role of CXCL12. It is known that this chemoattractant is very important in the migration or mobilization of HSCs. CXCL12 is almost certainly one of the main niche factors for HSCs. However, few studies have ever successfully shown its significant in vitro effects [120] . How CXCL12 acts on HSCs and what CXCL12 actually does to HSCs remain to be answered. This also seems to be the case for IFN. If IFN can wake up quiescent HSCs, why do we barely see its effect on HSCs in vitro (ZW, unpublished data, 2015)? Perhaps we must wait for a new technology to be developed to explore the direct effects of these proteins on HSCs. Otherwise, we need to reconsider the possibility of their indirect effects in vivo.
The new view of hematopoiesis ( Fig. 1) was a large surprise. However, it is difficult to understand some of the data [1] . For instance, how many HPCs are cycling at any time? If the cycling of many HPCs with different proliferation potentials is not synchronized, why can some HPCs not clonally and predominantly contribute to a significant portion of the pool of neutrophils? Nevertheless, analysis of red blood cells and platelets should be included to see whether these lineages are also maintained independent of HSCs. We need to understand more of what short, intermediate, and long-term HSCs do in developmental and aging processes because these HSCs may have different roles. In contrast, HPCs may have more self-renewal potential than we previously thought because they produce a huge number of blood cells in a short time. The maintenance of the G0 phase may also be important for HPCs. Soon after these issues are appropriately addressed, we may have to revise our concept of HSCs and HPCs. In addition, future work should continuously focus on the further clarification of known and as yet unknown regulators of HSC quiescence, self-renewal, and lineage commitment. A true understanding of HSCs provides vital knowledge and technology that can be applied to clinical therapies for many patients with hematological diseases.
